We demonstrate a distributed reflector (DR) laser with the distributed feedback (DFB) section and the distributed Bragg reflector (DBR) section sharing the same multiplequantum-well structure. The DR laser exhibits a stable dynamic single-longitudinal mode characteristic. A direct modulation bandwidth of 27 GHz is obtained through the detunedloading effect and photon-photon resonance effect. The fabrication process of the DR laser is simplified due to the identical active layer structure and the uniform grating in the DFB and DBR sections.
Introduction
With the rapid development of data communication technology, there is an increasing demand for optical transmitters supporting data rate up to 40 Gb/s even 100 Gb/s. Direct modulation of semiconductor laser is the most attractive solution for the data center due to the merits of the high energy efficiency, low cost and compact size. As the bit rates for data transmission per channel increase rapidly, the further increase of modulation bandwidth of the directly modulated semiconductor lasers (DML) is of vital importance.
To attain a high modulation bandwidth of DML, one method is to increase the carrier-photon resonance (CPR) frequency. There are many researches on optimizing the MQWs structure to improve the differential gain or shortening the cavity length to reduce the photon lifetime [1] - [3] . In addition, using the AlGaInAs MQWs instead of the InGaAsP MQWs [4] - [6] and employing of the buried-heterostructure (BH) structure [7] , [8] also improve the differential gain. Moreover, reducing the parasitic parameters could increase the modulation bandwidth as well [9] . Another approach to extend the modulation bandwidth is to take advantage of the photon-photon resonance (PPR) effect by mean of optical injection locking [10] - [12] or optical feedback [13] - [15] . It is attributed to a second mode that is spectrally closed to the main mode with an acceptable side-mode suppression ratio (SMSR). Thus, one of the modulation sidebands will be resonantly amplified when the lasers are under RF modulation [16] . In the optical injection locking scheme, the 3-dB bandwidth of the DFB laser can be extended to 44 GHz [11] . But the complex setups with discrete devices such as the external optical source, the optical isolator and the polarization controller limit the large-scale application. Otherwise, through a monolithically integrated passive feedback section, the modulation bandwidth of the DFB laser can reach 34 GHz [15] . The modulation bandwidth enhancement of the so-called passive feedback laser (PFL) is due to the well-designed feedback phase, which is adjusted by the injection current. Another example utilizes the optical feedback to realize the PPR is the distributed reflector (DR) laser. It also takes the advantage of the detuned-loading (DL) effect. With these effects, the 3-dB bandwidth of the DR laser can be extended to 55 GHz [17] . The optical feedback of the DR laser comes from the DBR section, it also enhances the coupling strength of the grating and makes a shorter cavity possible. The detuned-loading effect is widely used to design high speed DBR laser by locating the laser mode on the long wavelength flank of the DBR reflectivity peak [16] , [18] - [20] . In the case of DR laser, frequency up-chirp of the DFB mode will lead to a dynamic reduction in the cavity mirror loss, which can effectively enhance the differential gain [19] . However, the fabrication process of integrating the active and passive sections in both PFLs and DR lasers makes the manufacturing sophisticated and costly. The identical active layer (IAL) approach was proposed to avoid the integration of two kinds of epitaxial structures and it has been widely used to fabricate electro-absorption modulated lasers (EMLs) to simplify the process [21] , [22] .
In this paper, we demonstrate a bandwidth-enhanced distributed reflector laser utilizing the IAL approach. The DBR section shares the same MQW layers and a uniform grating structure as the DFB section with the Bragg wavelength red-shifted from the gain spectrum about 30 nm. This makes the light emitting from the DFB section transmit through the DBR section with low loss. With the proper design of the reflection spectrum, the DR laser exhibits a stable single longitudinal mode. Benefit from the DL effect and PPR, the direct modulation bandwidth of the DR laser is extended to 27 GHz. Furthermore, without requirement of the integration of active and passive sections, the manufacturing process is simplified remarkably.
Device Design and Fabrication
The schematic of the two-section distributed reflector laser is shown in Fig. 1 . The DBR section shares the same MQWs with the DFB section, and a uniform grating pitch in whole device is defined by holographic exposure. AlGaInAs/InP MQWs are used to achieve high differential gain. The IAL approach also avoids the oxidation of the Al-containing active layers comparing with the butt-joint growth method. The photoluminescence (PL) spectrum is shown in Fig. 2 . The center wavelength of the active layer is about 1277 nm. The Bragg wavelength of the grating is defined to about 1327 nm to ensure the IAL approach.
Cavity Design
We numerically calculate the reflection spectrum of the DFB section and the DBR section at a fixed grating coupling coefficient of 20 cm −1 . The cavity length of the DFB section is set to 220 μm, and the DBR section is set to 380 μm to achieve a strong feedback strength and a steep reflection spectrum, which ensure a high differential gain when detuned-loading effect is attained. The reflection spectrum of the DFB section and the DBR section around threshold current are shown in Fig. 3 . The grating period of the DFB section and DBR section are the same. But when the laser is under current injection, the reflection spectrum of the DFB section will be blue-shifted relative to the DBR section due to the decrease of the refractive index induced by the plasma effect [23] , as the dashed line shown in Fig. 3 . The two red circles at the DFB section represent the eigenmodes of DFB section. Due to the detuning of the reflection spectrum of the DFB section and the DBR section, the eigenmode on the longer wavelength side of the stopband acquires stronger reflectivity from the DBR section than that of the shorter wavelength side. Single mode lasing occurs at this longer wavelength point. Above the threshold, the carrier density of the DFB section is clamped, so the refractive index does not decrease anymore. On the contrary, an increase of the refractive index will take place duo to the heat effect when the injection current increases. As described in Fig. 3 , the eigenmodes shift from the red solid circles to the pink solid circles along the direction of the arrow when the current increases from the threshold to a higher injection level. As the reflectivity of the mode at the longer wavelength side of the stopband is still larger than the other, the laser remains a stable single longitudinal mode.
The transmission spectrum of the DR laser at threshold can be carried out by calculating the round trip gain. The model of the proposed DR laser is shown in Fig. 4 , the complex reflectivity of the DFB section and the DBR section are represented by r g1 and r g2 , which can be obtained by solving the coupled wave equations [24] . The threshold condition of the DR laser becomes, r g1 β th r g2 β th = −1
Whereβ th is the complex propagation constant at the threshold. The threshold gain is obtained by solving the threshold condition equation. Then we get the round trip gain at different wavelengths, and the results are described in Fig. 5 . The red dot located on the longer wavelength flank of the DBR reflection peak is the lasing mode with a large difference of gain upon the mode on the shorter wavelength flank.
Device Fabrication
Based on the design, DR lasers utilizing IAL approach were fabricated. The DFB section and DBR section adopted the same six AlGaInAs MQWs with a 1.2% compressive strain, grown by metalorganic chemical vapor deposition (MOCVD). The uniform grating pitch in whole device was defined by one-time holographic exposure with the periods of 203.9 nm. Fig. 6(a) shows the scanning electron microscope (SEM) image of the grating pitch. The mesa of the DR laser is shown in Fig. 6(b) , which was etched as a reverse ladder-shape to reduce the parasitic resistance and the threshold current. Polyimide was used for planarization and lowering the parasitic capacitance. The electrical isolation between the DFB section and the DBR section was achieved by He + ion implantation.
Device Characteristics

Static Characteristics
The light-current (L-I) characteristics of the DR laser at 20°C is shown in Fig. 7 . The L-I curves at both sides were recorded when the DBR section was floating. The threshold current of the DR laser was 46 mA. The maximum power from the DBR side was 6 dB smaller than that from the DFB side, indicating that the IAL approach was effective in reducing the loss of the DBR waveguide since the length of the DBR section is as long as 380 μm. The difference in the shape of the L-I curves is due to the dispersion feedback of the DBR mirror. As the injection current of DFB section increases from threshold to 72 mA, the output power from the DFB side increases with a large differential quantum efficiency, while the output power from the DBR side increases slowly. This is because the lasing mode is near the center wavelength of the DBR reflector. The light power is strongly reflected by the DBR, so the transmission power from the DBR is relative small while the power reflected back to DFB section is high. When the current increases continuously, the lasing mode moves to the long wavelength flank of the DBR reflection spectrum. Under these circumstances, the reflection decreases, the transmission power increases rapidly while the output power from the DFB side decreases.
As the DR lasers were designed for stable single longitudinal mode, we measured the optical spectrum at different injection current of DFB section when the DBR section was floating, as shown in Fig. 8 . The laser exhibits a stable single longitudinal mode with a side-mode suppression ratio (SMSR) over 55 dB with the current of DFB section varying from 70 mA to 93 mA. Fig. 9 shows the small-signal modulation responses of the DR laser at the room temperature of 20°C. As shown in Fig. 9(a) , the 3-dB bandwidth of the laser increases from 9 GHz to 27 GHz when the bias current of the DFB section varied from 70 mA to 93 mA and the DBR section was floating. It is benefit from the DL effect that increases the differential gain when the lasing mode is on the longer wavelength flank of the DBR mirror peak. The blue-shift of the wavelength caused by the chirp leads to a dynamic reduction of the cavity mirror loss due to the dispersion feedback of the DBR mirror, it can effectively enhance the differential gain. Another factor that extends the modulation bandwidth is the PPR effect. It is obvious when the injection current is above 93 mA. This can be demonstrated by relating the overshoot in Fig. 9(b) to the intensity of the sidelobe at the optical spectrum in Fig. 10(a) . The higher overshoot corresponding to the stronger intensity of the sidelobe. As shown in Fig. 10(b) , the separation between the lasing mode and the sidelobe is 0.115 nm, corresponding to the PPR frequency about 19 GHz. An obvious peak in the modulation response can be seen at 19 GHz.
Dynamic Responses
Then the influence of the DBR current on the DR lasing characteristics is studied. The optical spectrum and the small-signal modulation responses under different DBR current with the DFB section current fixed at 89 mA is shown in Fig. 11 . Similar performance is observed with the change of the DFB section current. Because the DBR section is longer than the DFB section, the phase changed more quickly when changing the current of the DBR section. The PPR occurs at smaller injection current of 89 mA rather than 93 mA. We can realize the modulation bandwidth enhancement at a small injection level by adjusting the current of DBR section.
Conclusion
We adopt the identical active layer structure to demonstrate a distributed reflector laser. Comparing with the conventional DR laser, the fabrication process is significantly simplified as the DFB and DBR sections use the same epitaxial structure and grating configuration. With the design of the DR laser oscillating condition of the cavity, the laser exhibits a stable single longitudinal mode above threshold with a SMSR over 55 dB. With the help of detuned-loading effect and photon-photon resonance, the modulation bandwidth of the laser is extended to 27 GHz. The design principle can be expanded to the higher speed application since the bandwidth can be optimized by increasing the relaxation oscillation frequency and adjusting the κL value for a higher PPR frequency. As the IAL approach is taken to the DR lasers, it is possible to simplify the fabrication process while maintaining relatively high device performance.
